Abstract. The total cell numbers (TCNs) of bovine embryos collected from superovulated donors (VIVO embryos) were counted 0-9 d after ovulation to quantify the developmental process. Using numerical analysis of embryo development, we also compared the developmental process of VIVO embryos, in vitro-fertilized (IVF) embryos and nuclear transfer (NT) embryos obtained from enucleated oocytes and blastomere nuclei. The TCNs of embryos were measured using the air-dry method. Cleavage divisions (CD) of the embryos were obtained using logarithmic transformation of the TCN. The TCN of the VIVO embryos increased significantly (P<0.001) with time. The relationship between the CD of the VIVO embryos at 0-9 d after ovulation and age in days was described by a linear equation with a high correlation (y=1.03x+0. 16, r=0.99), showing that CD occurs about once each day for all blastomeres. However, compared to the VIVO embryos, the TCN of the IVF embryos did not increase from 3-4 d nor after 7 d; the TCN of the NT embryos did not increase after 7 d (P>0.05). The results suggest a delay in development at these developmental stages. The slopes of regression lines of the IVF and NT embryos were significantly (P<0.001) smaller, indicating that quantification of the developmental process of VIVO embryos according to TCN and CD would be useful as criteria for numerical evaluation of the developmental process of bovine in vitro produced embryos. Key words: Bovine, Cleavage division, Preimplantation embryo, Total cell numbers (J. Reprod. Dev. 54: [239][240][241][242][243] 2008) VP embryos such as in vitro maturation/in vitro fertilization/in vitro culture (IVM/IVF/IVC) embryos [1, 2] and nuclear transfer (NT) embryos [3, 4] have been shown to lower developmental ability [5, 6] , lower tolerance to low temperatures and freezing [7, 8] and lower pregnancy rates [3, 9] compared to in vivo-collected (VIVO) embryos. Therefore, improvements of IVP systems and methods of evaluating produced IVP embryos in the livestock industry to produce calves might be reexamined based on the development of VIVO embryos.
VP embryos such as in vitro maturation/in vitro fertilization/in vitro culture (IVM/IVF/IVC) embryos [1, 2] and nuclear transfer (NT) embryos [3, 4] have been shown to lower developmental ability [5, 6] , lower tolerance to low temperatures and freezing [7, 8] and lower pregnancy rates [3, 9] compared to in vivo-collected (VIVO) embryos. Therefore, improvements of IVP systems and methods of evaluating produced IVP embryos in the livestock industry to produce calves might be reexamined based on the development of VIVO embryos.
Because the preimplantation embryo grows by self-replicating its blastomeres [10, 11] , total cell numbers (TCN) of embryos and cleavage divisions (CD) of embryos, as calculated from TCN, are commonly used to evaluate the developmental ability of IVC embryos [5, 8, 12] . A regression relationship between CD and embryo age in days also allows expression of the embryonic developmental process as segmental speed of blastomeres. Therefore, this numerical evaluation is useful for comparing the developmental ability and production methods of embryos [13] [14] [15] . However, bovine VIVO embryos used in TCN measurements are limited to those at a certain period in the late stage of culture [15] , with no one yet having obtained measurements for all developmental stages of IVP embryos continuously during the 0-9 d period. Consequently, we consider that establishing an optimal timeline based on bovine VIVO embryos using the TCN and CD of embryos would be useful as a standard for objectively evaluating the developmental process of in vitro-produced (IVP) embryos.
Herein, we analyzed the TCN of VIVO embryos collected 9 d after ovulation and investigated the relationship between CD and age in days. Furthermore, by comparing the developmental process of these embryos with IVF and NT embryos produced using conventional methods, we evaluated the developmental process of embryos produced using the IVC system.
Materials and Methods

Collection of VIVO embryos
All experiments using cows were done with the approval of the institutional animal experiment committee of Chiba Prefectural Agriculture Facilities. Before planning the experiment schedule, all experiments, as described and documented in this text, were approved as concurring with the guidelines of the Science Council of Japan. Embryo collection from slaughtered cows was in case of cows were slaughtered for reasons such as herd improvement.
Holstein dairy and Japanese Black cows aged 3-8 years old were used as embryo donors. All donors were induced to ovulate from multiple follicles with superovulation procedures prior to artificial insemination using frozen-thawed semen [16] . In natural estrus, ovulation occurs 30-32 h after estrus onset, and ovulation is estimated as occurring 16 h after the end of estrus in general [17] . The timing of ovulation after a superovulation protocol is normally almost identical to that of natural estrus [15, 18] . To determine a "time 0" for ovulation of VIVO embryos in this experiment, the onset and end of behavioral estrus were checked visually four times daily (early morning, noon, evening and midnight) at 6-8 h intervals. Embryo collection 0-9 days after ovulation was performed at 1100-1200 h from the superovulated donors with onset of estrus early in the morning and end of estrus until evening. For confirma-tion of ovulation (time 0 for VIVO embryos), the intercept of the regression line of VIVO embryos was compared to that of IVP embryos, i.e., these time 0 are already known.
Embryos were collected 0-3 d after ovulation by flushing the oviducts of 15 slaughtered Holstein cows with 20 ml of PBS supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco BRL, Grand Island, NY, USA) per oviduct and by nonsurgically flushing the uterine horn of 29 cows at 4-9 d after ovulation with 500 ml of the medium described above.
Production of IVF embryos
The IVF embryos were produced according to the protocol previously described in Shino et al. [19] . In brief, cumulus-oocyte complexes (COCs) from the ovaries of slaughtered Holstein cows were cultured with 25 mM Hepes-buffered TCM-199 with Earle's salts (Gibco-Invitrogen) supplemented with 5% (v:v) FCS, 50 μg/ ml streptomycin and 100 μ/ml penicillin-G (Meiji Seika, Tokyo, Japan). In a single drop of the same medium under mineral oil (Sigma-Aldrich Chemical, St. Louis, MO, USA), 50-60 COCs were cultured at 38.5 C in an atmosphere of 3% CO2 in air for 22 h [2] .
The IVM oocytes were transported within 1 h of slaughterhouse to the laboratory at 38.5 C. The frozen Holstein semen was immersed in a 38 C water bath for 15 sec, suspended in 10 ml of BO medium containing 5 mM caffeine (Sigma) and washed twice by centrifuged at 500 ×g for 5 min to remove the cryoprotectants. Spermatozoa were resuspended with BO medium containing 5 mM caffeine, 5 μg/ml heparin (Novo-heparin, Kodama, Tokyo, Japan) and 10 mg/ml bovine serum albumin (BSA, Fraction V; Sigma). The final concentration of spermatozoa in the IVF medium was 5-10 × 10 6 /ml. The IVM oocytes were subsequently fertilized in vitro (time 0 of IVF embryos). After IVF, the oocytes were cultured at 38.5 C in a 500-μl droplet of the maturation medium with cumulus cells (IVC medium) in an atmosphere of 3% CO2 in air [1] . Embryos at the zygote to hatched blastocyst stage 0-9 d after the beginning of IVF were used for the following experiments.
Production of NT embryos
The NT embryos were produced using procedures described previously [8] . In brief, Holstein IVM oocytes were enucleated by micromanipulation (IM-4B; Narishige, Tokyo, Japan) following activation by exposure to 7% ethanol for 7 min 24 h after the start of maturation culture (time 0 of NT embryos). Activated oocytes were further cultured in maturation medium containing 10 μg/ml cycloheximide (Sigma) for 6 h.
Single donor blastomeres separated from Holstein 17-cell to 32-cell stage embryos 3 d after IVF were inserted into the perivitelline space of an activated recipient oocyte. Oocyte-blastomere complexes were fused using two direct current pulses of 75 V/mm for 50 μs in fusion medium. The NT embryos were cultured in IVC medium. The NT embryos were used for subsequent experiments 0-9 d after activation.
Selection of embryos
Many types of embryos at different developmental stages and various morphological qualities were collected from the superovulated donors, though neither superovulation treatment [20, 21] nor breed status of donor [10, 15, 21] affected development of bovine preimplantation embryo. The developmental ability of superovulated bovine embryos is thought to be higher for embryos with both progression in developmental stage and lower numbers of degenerated blastomeres [20] [21] [22] . If high-quality embryos selected according to morphology are used, the TCN of embryos exactly corresponds with the embryonic developmental stage [15, 23] . Therefore, collected embryos were classified into five quality groups (Excellent, Good, Fair, Poor and Degenerated) according to a morphological evaluation method [20] using an inverted phasecontract microscope (IMT 10; Nikon, Tokyo, Japan). Excellentquality and Good-quality embryos were selected for use in the experiment.
In our earlier work, the developmental rates of NT and IVF embryos to blastocysts using this IVC system were 20 and 30%, respectively [8] . Similarly, the developmental ability of IVP bovine embryos is also higher for embryos with both progression in developmental stage and lower numbers of degenerated blastomeres [23, 24] . Therefore, for IVF and NT embryos, we selected 1-2 embryos per batch with Excellent-quality embryos attributable to an advanced developmental stage with higher morphological quality.
Cell count of embryos and calculation of CD
Embryos were fixed using Tarkowski's air-dry method [25] with slight modification and stained with 5% Giemsa stain to allow counting of cells. In brief, VIVO embryos were treated with 0.9% sodium citrate solution for 5-40 min (the one-cell stage to precompact morula for 5 min; the compact morula to expanded blastocyst stages for 10 min; the hatched blastocyst stages for 20 min; and the expanding hatched blastocyst stage for 40 min) at room temperature (r.t.) and fixed onto a spot plate (Corning Labware and Equipment, Corning, NY, USA) using ice-cooled fixative consisting of methanol, acetic acid and distilled water (3:2:1) for 1 min. They were then mounted on a glass slide using a small amount of fixative, air-dried for 1 h at r.t. and stained with Giemsa stain (Gibco-Invitrogen) for 10 min. According to the cell-count protocol, IVP embryos were treated with a hypotonic solution for 5-10 min during all developmental stages [8] . TCN of the embryos was counted under a microscope at × 400 magnification. The CD of the embryos was calculated as log 2 of the TCN [13] [14] [15] . The relationship between CD and age in days was studied as the final result.
Statistics
The Student's t-test was used to compare the mean cell numbers of embryos. A probability of less than 0.05 was considered significant. In regression of the CD and embryo age in days, the slope indicates the embryonic segmental speed, whereas the intercept corresponds to fertilization time. Comparisons of the slope and intercept of each regression line were evaluated using covariance analysis.
Results
The transitions in TCN, dependent on age in days for VIVO, IVF and NT embryos, are shown in Table 1 . The TCN of the VIVO embryos increased significantly over time (P<0.001). The TCN of IVF and NT embryos also showed an increasing trend over time, although the TCN of embryos 3, 4 and 7-9 d after IVF and the TCN of embryos 7-8 d after NT did not increase (P>0.05) compared with those of the preceding day for each period. The embryos 9 d after NT already showed signs of degeneration such that no morphologically normal embryos were collected.
Comparison of each production method using age in days indicated that the TCNs of the embryos 2 and 3 d after IVF were higher than those of the VIVO embryos (11.3 ± 2.7 vs. 5.0 ± 1.3, 20.8 ± 3.8 vs. 10.0 ± 2.4, P<0.001). The IVF embryos in the late stage of culture showed a morphological change from the blastocyst stage to the hatched blastocyst stage at 7-9 d (data not shown), but there were no change in their TCNs (P>0.05). Therefore, the TCNs of embryos 8-9 d after IVF were significantly smaller (P<0.001) than the TCNs of the VIVO embryos. The TCNs of the NT embryos showed a transition that resembled that of the IVF embryos, although there was a tendency for it to be smaller at all ages in days. Figure 1 depicts regression equation lines of the CDs of the VIVO, IVF, and NT embryos. The regression equation of VIVO embryos 0-9 d after ovulation was y=1.03x+0. 16 . A high linear correlation was found between the CD and VIVO age in days (Pearson's correlation coefficient=0.99). The relationship between the CD and age in days for the IVF and NT embryos was significantly smaller (P<0.001) than that of the VIVO embryos. The fact that no significant difference (P>0.05) was found in the intercept of the regression line of VIVO embryos indicates that the presumed "time 0" for the VIVO embryos was equivalent to the fertilization time in the IVF embryos and the NT embryo activation time. No significant difference (P>0.05) was found in the slope of the regression line between the NT and IVF embryos, but a significant difference (P<0.05) was found in the intercept.
Discussion
The CD time of the blastomere is, in general, individually asynchronic because it is influenced by cellular polarization [26] and cellular differentiation [10, 11, 27] . We also know that the developmental speed of bovine preimplantation embryos changes during periods of early cleavage stages, such as pronuclear formation in the first CD and genomic shift from the maternal to embryonic genome in the 3-4th CD [10, 11, 27, 28] , and during periods of morphological change, such as compact formation and hatching from zona pellucidae [10, 27, 29] . Characteristic changes in cell division, such as chromosomal abnormalities [29] [30] [31] and a difference in the developmental process because of the sex of embryos [32, 33] , were also found after blastocyst formation. Using VIVO embryos collected from superovulated donors, we previously observed developmentally retarded embryos and embryos with degenerated blastomeres, as described in other similar reports [20] [21] [22] . These findings suggest that the segmental speed of bovine embryos changes irregularly in the developmental stage. However, when normal bovine embryos were selected after excluding the low-quality embryos as described above, we found that the TCNs of the VIVO embryos on 9 days after ovulation increased according to age and that the relationship with the CD showed an extremely high linear correlation, with the proviso that the 1st CD tended to be slower than 24 h after ovulation and 2nd to 3rd CD tended to speed up 48-72 h after ovulation as demonstrated in previous reports [11, 28] .
There is generally even a chance of CD occurring in all blastomeres during the 6th CD stage from the 1-cell to the compact morula stage [10, 27] . It is also known that the inner cell mass/trophectoderm (ICM/TE) ratio after blastocyst formation is about 25% [15, 29] and that this ratio is maintained until they had become 10 d embryos that have at least 1000 cells [34] . Taken together, these results suggest that there is no difference in the segmental speed between the ICM and TE. As shown in the results of this study, the CDs calculated from the TCN of embryos were expressible as an equation of the first degree with a high correlation to age. Therefore, we conclude that blastomeres in normal bovine embryos cleave once a day up to 9 d after ovulation. On the other hand, the results of this study demonstrated that the developmental process of the IVF embryos that were regarded as normal clearly differed from that of the VIVO embryos during the early and late stages of culture. In other words, the IVF embryos cultured with conventional methods and in the early stage of culture reached the 2nd CD (3-4 cells) at 1 d, the 4th CD (9-16 cell) at 2 d and the 5th CD (17-32 cells) at 3 d after IVF, which signified a faster transition than that shown by the VIVO embryos. We also observed a developmental arrest in the 5th CD (17-32 cells) at 3-4 d after IVF, which was not confirmed in the developmental process for the VIVO embryos. This type of rapid cleavage at the 3-4th CD and development arrest at the 5th CD had been reported previously [8, 23, 24, 29] . It remains unclear why this occurred, but we infer that it is a developmental mode that is characteristic of embryos co-cultured with support cells.
The TCNs of the IVF embryos during late-stage culture did not increase (Table 1) , suggesting a developmental block at the 8th CD (<256 cells). These results agreed with those of previous reports indicating that the IVF embryo cell count does not increase after the 8th day following IVF [5, 12] . Vandaele et al. [35] reported that the ratio of the apoptotic index in blastocysts increases at 8 d after IVF. In addition, IVF embryos are known to have reduced developmental viability during the process of IVC because of chromosomal abnormalities and decreased ICM content ratios [29, 31] . These type of findings indicate that conventional IVC conditions reduce embryo viability and that the conditions are suboptimal for further embryo development. Improvement of IVP system based on results obtained using evaluation methods is therefore necessary to produce embryos with higher viability. Addition of thiol compounds is crucial for blastocyst metabolism and development [36] ; the use of serum-free medium [6, 24] reportedly improves not only the rate of development to the blastocyst stage, but also improves the quality of the produced embryos. Future studies are planned to determine whether or not blastocysts produced by these culture methods reach the 8th CD, as with that of VIVO embryos.
The TCNs of NT embryos for most of the culture period were lower than those of IVF embryos (Table 1) , which agreed with the report of Heyman et al. [37] , who reported no blastocysts reaching beyond the 7th CD. Incomplete epigenetic reprogramming of the donor nucleus, abnormal DNA methylation and histone modification patterns in clone embryos have been investigated as possible influences on the development and low survivability of NT embryos [38, 39] . Suboptimal IVC conditions might adversely affect detection of the gene expression of NT embryos; lack of gene expression has also been confirmed in IVF embryos [11, 40] . The developmental process of NT embryos has in fact, already confirmed rapid cleavage at the 3rd CD (5-8 cells), developmental arrest in the 4th CD (9-16 cells) and a developmental block at the 7th CD (<129 cells). This was a developmental process resembles that of IVF embryos. The accumulation of research directed at the in vitro environment is therefore considered a necessary means to improve the viability of NT embryos.
In conclusion, CD of bovine VIVO embryos occurred roughly once a day for all blastomeres up to at least 9 d, although the segmental speed of IVF and NT embryos produced under conventional IVC conditions clearly changed irregularly and arrested in later developmental stages of IVC. Finally, quantification of the chronology of the developmental process based on CD of VIVO bovine pre-implantation embryos allows numerical analysis of the developmental process of IVP embryos. This is thought to be a numerical evaluation method for the bovine embryo production process.
